ABSTRACT: The single-operation deracemization of 3H indolines and tetrahydroquinolines is described. An asymmetric redox approach was employed, in which a phosphoric acid catalyst, oxidant, and reductant are present in the reaction mixture. The simultaneous presence of both oxidant and reductant was enabled by phase separation and resulted in the isolation of highly enantioenriched starting materials in high yields.
S
imple and kinetic resolutions, in which one enantiomer of a racemic mixture is selectively removed from the other, remain important means for the isolation of enantioenriched materials in an industrial setting.
1 While attractive in its simplicity, since one enantiomer is being removed, the theoretical yield of the desired optically active material is limited to 50% (eq 1). This restriction has been addressed through dynamic kinetic processes. 2 In such a process, both enantiomers of a racemate proceed through a shared common reactive species, which undergoes transformation to a new optically active product (eq 2). However, if optically active starting material is desired, (i.e., a resolution rather than a transformation), this strategy requires additional steps to convert the product back to starting material. 3, 4 In order to resolve a racemate in a dynamic sense, one enantiomer of the starting material must be converted to the other. In the case of the direct interconversion of enantiomers proceeding through a single shared reaction pathway, equilibrium is reached between the thermodynamically equivalent starting material and product. The principle of microscopic reversibility dictates that under such circumstances, the racemate must be returned.
5 Instead, to realize such a deracemization, 6 the forward and reverse reactions must follow distinct mechanistic pathways; in other words, two sets of reagents to drive opposing reactions are necessary. In analogy to a dynamic kinetic transformation, deracemization can be accomplished by proceeding through a shared, achiral intermediate and reforming the stereocenter in an enantioselective manner (eq 3).
One archetypal approach to destroying and generating stereocenters is through oxidation and reduction chemistry. In order to test a redox method for deracemization, a reaction platform must be identified in which a substrate reacts with an oxidant, the subsequent oxidized intermediate reacts with a reductant, and at least one of those steps is rendered enantioselective by a chiral catalyst. As there exists an abundance of effective catalytic methods for enantioselective oxidation and enantioselective reduction of a wide variety of substrates, many such combinations can be identified.
Despite viable candidates for reaction development, accomplishment of a redox-driven deracemization as a single operation is largely precluded by issues of chemoselectivity. A single-operation procedure requires the simultaneous presence of both an oxidant and reductant in the reaction medium, and their direct reaction is likely to be the most kinetically favorable process. Previously reported deracemization reactions have avoided this reactivity issue either through separation into two distinct operations, 7 or through the use of enzymes with highly specific reaction profiles to avoid reagent quenching. 8 To the best of our knowledge, nonenzymatic single-operation chemically induced deracemization has not been reported. 9 We considered that a single-operation deracemization might be accomplished by nonenzymatic means if the relative concentrations of both oxidant and reductant in bulk solution were kept low enough compared to the substrate. This could minimize their direct reaction and still allow for each reagent's reaction with the substrate. We have recently reported on the use of chiral phosphate anions for phase-transfer catalysis, in which undesired background reaction is minimized through the use of poorly soluble cationic reagents. 10 We hypothesized, in the case of a redox-driven deracemization, that the undesired reaction between oxidant and reductant might similarly be suppressed through phase separation. Specifically, we envisioned that if both an oxidant and a reductant with poor solubility in nonpolar organic solvents were employed, their direct reaction could be disfavored relative to reaction with the substrate.
This reaction scheme would constitute a triphasic system, 11 in which the substrate is dissolved in organic reaction solvent, and the oxidant and the reductant exist mainly as solids out of solution (solid−organic−solid phase separation). Alternatively, if either of the reagents has high water solubility (e.g., if it is a salt), it could be partitioned into an aqueous phase, representing an aqueous−organic−solid phase separation. By limiting the majority of reagent interaction to the phase interfaces, direct quenching of oxidant and reductant could be minimized while still allowing for their individual reactions with the solubilized substrate, thus permitting the possibility of deracemization. Chiral phosphate anions have been shown to promote the reaction of insoluble cationic electrophiles with soluble substrates in nonpolar solvents, 10 and their conjugate acids are well-known catalysts for the enantioselective reduction of imines through activation toward hydride delivery.
12,13 By selecting appropriate reagents (a cationic oxidant and a reductant with minimal solubility in reaction solvent), we initially hoped to show that a single chiral catalyst could mediate not just distinct but actually opposing processes (Figure 1 ). 3H-indoline 1a was identified as a test substrate, as it met the aforementioned criteria for deracemization: it is readily oxidized to 3H indole 2a by oxopiperidinium salt 3 14 in toluene under anionic phase-transfer conditions (addition of the chiral phosphoric acid TCYP, 5a, and inorganic base to generate the anionic phosphate); and the enantioselective reduction of 2a by a hydride source, Hantzsch ester 4a, in the presence of chiral phosphoric acid catalysts is precedented. 15 We were able to reproduce these results using the conjugate acid of the phase-transfer catalyst, 5a.
Though the enantioselectivity of the oxidation step was low under the listed conditions, (s < 1.1), the high selectivity of the reductive second step still permitted the possibility of an effective deracemization. While this feature would allow for this methodology to be performed as two distinct operations, it was our goal to show that by choosing appropriate conditions, an equally effective single-operation deracemization could be developed. The observation that both oxopiperidinium 3 and Hantzsch ester 4a have low solubility in toluene allowed us to evaluate our hypothesis (7.8 and 2.0 mM, respectively) (Scheme 1).
In order to interpret the one-pot deracemization reaction outcome in a more useful manner, deuterated 3H indoline 1a-D, was used, and deuterium erosion (which occurs by oxidation and subsequent hydride delivery from the Hantzsch ester) was monitored as an indicator of conversion. Given the high enantioselectivity of the reduction, we were confident that conversion of the deuterated substrate and enantiomeric excess would track closely. To evaluate the feasibility of solid− organic−solid phase separation, 2 equiv of reductant and oxidant were added to substrate in the presence of 10 mol % 5a in toluene under phase-transfer (basic) conditions. The indoline was reisolated as the racemate with no detectable deuterium erosion (Table 1 , entry 1). The consumption of oxidant, which could be followed qualititatively by the dissipation of its bright-yellow color, appeared faster than in the presence of substrate alone, and it is most likely that the oxidant was consumed completely by reaction with reductant rather than substrate. Since basic conditions may impede the enantioselective reduction of any oxidized intermediate, we also ran the reaction under nonbasic conditions (entry 2), though again no deuterium erosion was observed. Given the high water solubility of the oxammonium salt (∼70 mM), 14a we rationalized that aqueous−organic−solid phase separation might more effectively partition oxidant and reductant. Indeed, when the oxidant was added as an aqueous solution, 16 5% deuterium erosion was observed, along with 4% ee (entry 3), indicating that a small fraction of the substrate had been oxidized and subsequently reduced enantioselectively. Switching the organic phase to a 9:1 hexanes/diethyl ether mixture resulted in a significant improvement in both conversion and enantioenrichment (entry 4). This result is in line with our phase-separation hypothesis, as both oxopiperidinium 3 (0.07 mM) and Hantzsch ester 4a (0.4 mM) have lower solubility in the less-polar organic solvent mixture. Under the analogous basic conditions, though comparable conversion was observed, the indoline was isolated in a significantly deteriorated enantioenrichment (entry 5). Conversely, we found that addition of 1 equiv of strong acid led to improved results in the presence of an aqueous phase (entry 6). 17, 18 By altering the solubility properties of the Hantzsch ester reductant, we hoped to further eliminate reagent quenching and thus improve enantioenrichment of the isolated product. While benzyl Hantzsch ester 4b gave worse results compared to the ethyl analog (entry 7), use of 4-Cl-Bn Hantzsch ester 4c improved conversion of deuterated substrate, also reflected in the product enantioenrichment (entries 8). Furthermore, oxidant and reductant stoichiometry could be lowered from 2.0 to 1.5 equiv without compromising enantioselectivity (entry 9). 2,6-Cl 2 -Bn Hantzsch ester 4d (which has a measured solubility of 0.08 mM in 9:1 hexanes/diethyl ether) gave slightly improved conversion (entry 10), and its highly crystalline nature makes it easier to handle than 4c. Use of the chiral phosphoric acid TRIP (5b) in place of TCYP as catalyst led to a further increase in enantioselectivity (entry 11). Under these conditions, the enantioenrichment matched that of a stepwise oxidation−reduction sequence (entry 12), indicating that the starting racemate had been fully converted under reaction conditions. Absolute stereochemistry of the product was confirmed through X-ray crystallography of the hydrochloride salt and is in agreement with the literature assignment.
15
The isotopologue 1a was deracemized to the same degree as 1a-D (Table 2, 1a) , and 3H indolines of various substitution patterns were then subjected to the same single-operation deracemization conditions (a slight excess of reductant was used to ensure full reduction) and compared to their stepwise oxidation−reduction to determine efficacy. Spirocyclic products were obtained in good yields and high enantiomeric excesses (1b and 1c). Substitution around the indoline arene was well tolerated, as in the cases of benzoindoline 1d and 5-bromoindoline 1e. Substrates with 2-aryl functionality were subjected to reaction conditions and isolated in good to high enantiomeric excess, including para-(1f, 1j, 1k), meta-(1g, 1h, 1i), and ortho-(1h) substituted 2-arylindolines. Electron-rich arenes (1f, 1g) were suitable substrates, though in the case of 1f, the enantioselectivity of the reduction (rather than degree of deracemization) was slightly diminished. Electron-poor substrates (1e, 1h−k) were also isolated in high enantiomeric excess, however in these cases a higher loading of oxidant (1.75 equiv) and reductant (1.80 equiv) was needed for full deracemization. 19 Under similar reaction conditions, substituted tetrahydroquinoline substrates were similarly effectively deracemized (Scheme 2).
15b In these instances, 3 or more equiv of oxidant and reductant were required since a second oxidation of the intermediate dihydroquinoline to quinoline occurred rapidly. Additionally, highly enantioenriched starting material was converted to the opposite enantiomer under the same reaction conditions as were used for racemic starting material. When (S)-1a (93% ee) was submitted to reaction conditions, the antipode (R)-1a was isolated in excellent yield and enantiomeric excess (eq 4). 
Scheme 2. Substrate Scope for Substituted Tetrahydroquinoilnes
The development of a single-operation deracemization enabled by a three-phase system indicates the ability of phase separation to suppress undesired reactivity: it has allowed us to develop a class of transformation for which there was no purely chemical protocol; that it has been used to enable what would be a minor or fully inaccessible reaction pathway under more typical reaction conditions (cf. 
